This paper presents the fabrication and characterization of nanoscale nickel-aluminum (Ni-Al) bimorphs towards self-adjustable nanostructures. Nickel nanowires were grown by a template based growth method using anodized aluminum oxide membrane and positioned at the edge of an oxidized silicon substrate. A thin aluminum film was deposited on the sidewall of a Ni nanowire using pulsed laser deposition (PLD), creating the bimorph nanostructure. The deposition status and thickness of the film were monitored using transmission electron microscope (TEM). The tip deflection of Ni-Al bimorphs under temperature change was measured on a temperature-controlled stage inside a scanning electron microscope (SEM). The displacements of the nanoactuator tips were recorded using SEM by comparing those data in different temperatures. The measured tip deflections were up to 700 nm from an 18 m long bimorph at a 380 K temperature change, which agreed well with the modeled prediction.
INTRODUCTION
Nowadays, electrical components and devices dimensions are decreasing while device performance increases. The major constraints which limit (or determine) the ability to shrink electrical component feature size are (1) the integration feasibility of the nanodevices with macroscopic systems and (2) the relatively large parasitic effects experienced by a signal during transmission through narrow wire interconnects. Both issues can be resolved by integrating a nanoantenna directly on the chip. 1 2 Micro-scale labs-onchips would require transfer of information between multiple chips or between a chip and a macroscopic external receiver. Here, the most important unit for interconnection is an integrated reconfigurable nanoantenna. In order to tune the frequency and maximize the transmission efficiency, the antenna needs the ability to vary the shape of its own structure. 3 On the microscale, using microelectromechanical systems (MEMS) devices, loop-shaped variable inductors in the form of thermal bimorph actuators have been demonstrated to tune the radio frequency. [4] [5] [6] Variable diameter annular antennas have also been reported, 7 8 where a microscale thermal bimorph switch is the key factor to vary the diameter of the antenna ring. 7 The performance of an antenna, such as its gain, bandwidth, and * Author to whom correspondence should be addressed.
efficiency of a given electrical size is governed by physical laws of nature. 9 Therefore, reconfigurable antenna architecture would take advantage of combined multiple functions in a single antenna, which results in a significant reduction in the area occupied by the multiple antenna elements with potentially enhanced functionality and performance. To enable a reconfigurable antenna, the electrical current distribution over the volume of the antenna needs to be changed, where each distribution corresponds to a different mode of operation. To this end, one can change the geometry of the antenna by switching on and off various geometrical metallic segments that make up the antenna as shown in Figure 1 . For switching in a Gigahertz mode, MEMS switches have been employed. 10 11 By fabricating these structures on the nanoscale, higher frequency antennas may be created for several applications. 12 13 The first nano-bimorph was fabricated by Ikuno 14 using a multiwalled carbon nanotube as the cantilever base. By the thermal expansion rate mismatch between the carbon nanotube and the deposited oxide materials, they observed the deflection of the bimorph under temperature variation. Recently, the author's group measured the amount of the force generation from the tip of such a carbon nanotube based bimorph through lateral force microscopy. 15 Although the carbon nanotube has its own mechanical advantages such as robustness, the problem of fabrication in the desired dimensions and arrangement makes Fabrication and Characterization of a Nanoscale Ni-Al Bimorph for Reconfigurable Nanostructures Sul et al. the metallic nanowires alternative materials for nanobimorphs. Compared to the carbon nanotubes, the metallic nanowire such as nickel nanowires fabrication by anodic alumina template method 16 or lithographic methods 17 generates better control of their aspect ratio and arrangement. Other groups developed novel nanobimorphs using various fabrication techniques. A focused ion beam chemical vapor deposition technique was used to grow a double layer nanobimorph from a tungsten-based-conductor and diamond-like-carbon. 18 Using this method, up to 600 nm of deflection was obtained at the tip of the bimorph. In addition to thermal actuation, piezoelectricity from an aluminum-nitride based bimorph 19 or electrochemical swelling of the polypyrrole under charging 20 were reported to create nanobimorph actuators. Here, the field of nanobimorph actuator is still in its infancy in terms of fabrication and characterization. In this paper, we present nickelaluminum bimorph nanoactuators as the first step toward developing a reconfigurable nanoantenna technology.
EXPERIMENTAL DETAILS
Ni nanowires were electrochemically deposited in a commercially available anodized aluminum oxide (AAO) membrane of 200 nm nominal pore size. The nanowires were extracted by dissolving the membrane in 5 M NaOH and then cleaned several times with deionized water. After suspending in water, a droplet of the nanowire suspension was dispensed on silicon substrate and dehydrated. The substrate was then broken into smaller pieces to form cantilevered nanowires at substrate edges. A pulsed laser deposition (PLD) system was used to deposit Al on only one side of the Ni nanowire with a precisely controlled thickness and uniformity, 8 9 because of the low kinetic energy of ejected atoms from the target in the PLD system. In this experiment, an Nd:YAG (Quanta Ray, DCR2-10) laser was used to evaporate an Al target, with a deposition rate of 0.6 Å per 1 min at 70 mJ/10 ns pulse. When the fabricated nanoscale bimorphs were pulled out from the PLD chamber after evaporation, the aluminum film oxidized naturally with atmospheric oxygen. This aluminum oxide layer is only present on the surface and is much thinner than the aluminum layer. To image the double layer structure, several individual nickel nanowires were dispersed on a TEM grid (Ted Pella, 300 Mesh Copper Grids with lacey carbon), where the grid was dried in air. Some cantilevered nanowires were imaged in the TEM (Phillips CM20). The double layer structure of the bimorph was confirmed from TEM images taken at 200 kV (Fig. 2) .
If two layers of homogeneous materials, a and b, are stacked with thicknesses d a , d b , and modified Young's moduli Y a , and Y b , respectively, the resulting bimorph deflects at one end with a temperature variation T , by where The diameter of a fabricated Ni nanowire was 270 ± 20 nm which was a little larger than the nominal pore size of AAO membrane, as similarly shown in other reports. 15 28 The diameter was confirmed by scanning electron microscope (SEM) images. These nanobimorphs used in the actuation experiment were made from individual nanowires, not from nanowire bundles, which was also confirmed by SEM images. The measured thickness of aluminum was 70 ± 10 nm, which was confirmed using an atomic force microscope (AFM) from a separately and simultaneously deposited aluminum film on a separately prepared substrate. Three different lengths of Ni-Al bimorphs were used in this experimental study; 10, 13, and 18 m.
The silicon substrate containing the bimorphs was loaded on top of a miniature heater (Heat wave labs, ultra high vacuum button heater, Model 101136), which was mounted on a custom built SEM stage (Fig. 3) . A thermocouple was attached to the surface of the heater to monitor its temperature. The power cables and the thermocouple wire were extended to the outside of the SEM's vacuum chamber through a feedthrough. Because it was difficult to accurately measure the temperature of the substrate directly, the temperature of the heater was continuously monitored by a thermometer outside the chamber until it was stabilized at a targeted temperature. The temperature stabilization could also be monitored using "live" SEM imaging; As the temperature is raised, the SEM imaging showed 'drifting' of the substrate due to thermal expansion of the heater and the substrate. To track the identical bimorph, the SEM stage was manually controlled. After temperature stabilization was achieved, the drifting stopped. Then, the heater and the substrate remained for some time (about an hour) with the heater turned on continuously to achieve thermal equilibrium. We assumed that at thermal equilibrium, the heater and the substrate were at the same temperature.
For a temperature change from 295 K to 675 K with an 18 m long bimorph, the calculated deflection using Eq. (1) is 890 nm. The measured deflection from the SEM images shown in Figures 4(a) and (b) was 700 ± 200 nm. The deviation between the calculation and the measurement is attributed to the effect of oxidation at the surfaces of both metallic materials, 29 30 especially because of the reduced thermal expansion rate of aluminum oxide on the surface of aluminum layer.
31 Figure 5 shows a comparison between measurements and prediction by Eq. (1) for all three bimorphs.
CONCLUSIONS
We have created a bimorph nanoactuator by depositing a thin Al film on top of an electrodeposited Ni nanowire. The amount of deflection generated from this nanoscale bimorph was measured using SEM images. Compared to previously reported approaches, our fabrication method utilizing PLD could possibly be utilized for generation of multiple devices with high yield. Thermal actuation has the advantage of a simpler actuation method, because it does not require electrical wiring or a charging environment for the devices. Comparisons were made with bimorph theory, based on the limited data obtained in this study. The results and analyses suggest that the measured deflections agree with the prediction, while more actuation data with various thicknesses and diameters of nickel nanowires are needed through further study. This work is the first step toward developing reconfigurable nanostructures for an antenna technology.
